The expansion of the universe appears to be accelerating, and the mysterious anti-gravity agent of this acceleration has been called "dark energy". To measure the dynamics of dark energy, Baryon Acoustic Oscillations (BAO) can be used. Previous discussions of the BAO dark energy test have focused on direct measurements of redshifts of as many as 10 9 individual galaxies, by observing the 21cm line or by detecting optical emission. Here we show how the study of acoustic oscillation in the 21 cm brightness can be accomplished by economical three dimensional intensity mapping. If our estimates gain acceptance they may be the starting point for a new class of dark energy experiments dedicated to large angular scale mapping of the radio sky, shedding light on dark energy.
Introduction.-To understand dark energy and sharply test theories of its character, it is necessary to precisely measure the last half of the expansion history. This period corresponds to the redshift range 0 < z 2. Many techniques have been proposed to study the latestage expansion history, and some of the most promising make use of Baryon Acoustic Oscillations (BAO) [1] . In addition to producing CMB structure, the acoustic oscillations also produced density structure in the atomic gas and dark matter, which is still detectable today. Many groups have reported 2 to 3 σ detections, in the low redshift universe, of periodic structures in the density of galaxies at the predicted wavelengths across the sky [2] . Because the acoustic waves are frozen in after recombination, the BAO peak wavelengths can be used as a cosmological standard ruler: observation of the angular size of the peak wavelengths across a range of redshifts allows accurate measurement of the expansion history.
In this letter we present calculations of structure in the three dimensional brightness due to the hyperfine transition of neutral hydrogen (HI) at 21 cm wavelength. We show that, via 21 cm emission, baryon oscillations could be precisely measured, using a telescope just 200 wavelengths in diameter, since each cosmic cell of the appropriate scale contains more than 10 12 M ⊙ of emitting neutral hydrogen gas. We present forecasts on the dark energy constraints from this new type of observation, which are competitive with the best proposed dark energy experiments [3] . Where needed in the analysis we adopt WMAP3 values for the cosmological parameters [4] , Ω m = 0.24, Ω b = 0.04, Ω Λ = 0.76, and h = 0.73, where Ω m , Ω b , and Ω Λ are the matter, baryon, and dark energy fractional density, respectively, and h is the dimensionless Hubble parameter. We also use the WMAP3 error limits for these values.
A recent paper proposed a test of dark energy models by measurement of baryon oscillations in the 21 cm brightness field at redshifts z > 3 [5] . Using only such high redshift data two cosmological parametersdepartures of spatial flatness Ω − 1 and a slow change of dark energy equation of state-are nearly indistinguishable. It is only when precise flatness Ω = 1 is assumed that such high redshift data can be used to constrain dark energy models. In this letter we use the more standard approach and assume that Ω is not perfectly measured. Then data at lower redshift become essential if dark energy models are to be tightly constrained.
Detectability.-To measure the oscillations it is not necessary to detect individual galaxies, but only to measure the variation in HI mass on large scales. A familiar analogy is the study of galaxies via images of their surface brightness. Except for the nearest of galaxies, we do not detect the individual stars that produce the optical emission, indeed the pixels of most galaxy images represent the emission of millions of stars. Never-the-less such images allow study of galactic structure.
Above the third BAO peak nonlinear evolution attenuates BAO structure, so the third peak is at the smallest spatial scale we need consider. This peak has a wavelength 35h −1 Mpc. A Nyquist sampled map therefore needs pixels of size 18h −1 Mpc. At z = 1.5 the corresponding angular wavelength is 20 arc minutes, which requires a telescope of approximately 200 wavelength, or 100 meters, to resolve.
We base our estimate of neutral hydrogen mass contained in a 18h −1 Mpc volume ( M HI ∼ 2 × 10 12 M ⊙ ) on Lyα absorption studies of the cosmic density of neutral gas [6] , which find Ω HI ∼ 1 × 10 −3 at z ∼ 1, with a weak dependence on redshift.
The average sky brightness temperature due to the 21cm line is about 300µK. The mean brightness temperature T b of the 21cm line can be estimated using [7] T
mK.
(1) Most observation of the sky are measurements of variations in temperature ∆T b ∼ T b δ, where 1 + δ = ρ g /ρ g is the normalized neutral gas density, and a = (1 + z) −1 is the scale factor.
On 18h −1 Mpc scales spatial variations of the sky brightness due to 21 cm emission in the cosmic web For a filled aperture telescope the RMS variation in measured sky temperature ∆T = T sys / √ ∆f t int , where ∆T is the temperature in Kelvin, T sys is the system temperature of the radio telescope in Kelvin, ∆f is the observing bandwidth in Hertz and t int the integration time in seconds. Assuming current technology, which allows T sys = 50K, one needs an observing bandwidthtime product of 2 × 10 11 to bring the thermal map noise down to ∼ 100µK, below the cosmic structure noise. In frequency space 18 h −1 Mpc spans roughly 3 MHz at z = 1.5, so the required observation time is ∼ 6 × 10 4 seconds, about 18 hours per pixel. Small regions of sky might be mapped at this noise level using existing telescopes such as the Green Bank Telescope (GBT), the Effelsberg 100-meter Radio Telescope or the Parkes Telescope.
Brightness sensitivity is not improved by increase of
Baryon Acoustic Oscillations. To show BAO we plot the ratio of matter power spectrum that contains contributions from baryons, calculated using a fitting formula [10] , over a power spectrum with no baryons. To single out the oscillation, we further divide the ratio by a smooth fitting curve to the overall spectrum. The error bars represent projections of the sensitivity possible with a 200-by-200-meter cylinder telescope.
telescope aperture, instead multiple receivers, either on a single reflector or on individual reflectors, can be used to increase the accumulated integration time.
For sensitivity estimates, we consider an intensity mapping telescope, dubbed IM, covering a square aperture of size 200m × 200m. We subdivide this area into 16 cylindrical sections, each 12.5m wide and 200m long, analogous to the Hubble Sphere Hydrogen Survey (HSHS) [11] . The cylinders are aligned North-South allowing the telescope to instantaneously sample almost the entire meridian. This geometry allows all-sky coverage each 24 hour period in a telescope with no moving parts. The estimated sensitivity of the survey is shown in Figure 1 .
Foregrounds.-The desired BAO signal is smaller than other sources of sky brightness structure. The largest interference is due to synchrotron emission from the Galaxy. The spatial structure of this emission exceeds the BAO signal by 10 3 . Similar emission by extragalactic radio sources distributed across the sky will contribute sky brightness fluctuations on smaller scales. However all these foregrounds are spectrally smooth, with brightness temperature T ∝ f α , so one expects to be able to subtract them spectrally. The image from each 3 MHz slice of the frequency spectrum contains a unique BAO pattern, largely uncorrelated with the neighboring slices.
In contrast, the foregrounds and backgrounds are highly correlated. By subtracting the average of both neighboring slices the BAO signal can be retained while the other emission is removed. Of course this subtractions will be imperfect, because of imperfections in the telescope and spatial variations in the astrophysical source spectrum. A similar challenge is faced by the higherredshift 21cm experiments probing the Cosmic Reionization era and many foreground subtraction methods have been proposed ( [12] and references therein).
The spectral index α for Galactic emission varies across the sky. The frequency-double-difference technique described above suppresses the Galactic sky brightness but leaves a residual of order ∆T = ∆α(∆f /f ) 2 T to first power in ∆α, where ∆α is the uncertainty in spectral index and ∆f the frequency difference. Using the WMAP3 measurement we estimate
where l is the spherical harmonic number. The normalization factor of 1.3 Kelvin temperature fluctuation is derived by extrapolating from the WMAP3 measurement of Galactic foreground variation at 20 GHz on 3.7
• degree scale, along with the spectral index of synchrotron emission at mid-Galactic latitude [13] . Adopting ∆α = 1, a conservative upper limit, we estimate a residual Galactic interference signal which is plotted in Figure 3 . Figure 3 shows various potential limitations to BAO measurements using 21 cm sky brightness mapping. The top exclusion comes from the non-linear scale, which erases the baryon wiggles. The left exclusion comes from the finite volume, which sets a lower bound on the lowest wavenumber that fits within a given volume. The lower right is a rough estimate of the impact of foregrounds using the double frequency difference described above. The shaded region reflects the region where the estimated residual foreground from Eqn. (2) exceeds the expected signal in Eqn. (1) .
Parameter Estimation.-To estimate the sensitivity of this technique for measurement of dark energy parameters, we follow the procedure in Seo and Eisenstein (2007) [14] and carry out the standard figure-of-merit calculation used in the DETF report [3] . Our calculations include the effects of redshift space distortion and a simplified model of non-linearity using a smoothing window. This type of analysis, the conversion from survey data to cosmological parameters, is an area of active research, and several effects such as mode-mode coupling are still being investigated. Our use of shells of 21 cm surface brightness introduces two new types of unknowns into the analysis: the HI density, and the bias of 21 cm sources. To accommodate these uncertainties we make one sensitivity estimate using conservative values for the unknown quantities (IM) as our baseline model, and one with a worst case assumption that each of these effects works to increase the error (IMW). The IM case estimate assumes that Ω HI remains at the present day value of 0.0005, independent of redshift, and we adopt a bias b = 1. The shot noise from present day HI galaxies [15] is negligible. Motivated by the reconstruction of BAO degradation due to non-linearity in [16] the Seo and Eisenstein damping scale is shortened by a factor of two. For the worst case (IMW) estimate we let Ω HI to be 0.0004. We adopt a bias b = 0.8, which is the current estimate of the low z value. This increases the noise, and seems securely to be a worst case because galaxies are unlikely to be both antibiased and rare. We assume that 21 cm sources are rare and massive at high redshift, and we use the Lyman-Break Galaxy luminosity function (with a density of 0.004 h 3 Mpc −3 ) for the shot noise calculation. The Seo and Eisenstein damping scale is assumed.
The time variable dark energy density is parametrized as ρ DE ∝ (1 + z) 3(1+w) ; an ordinary cosmological constant corresponds to w = −1, and the principal goal of dark energy experiments is to measure deviations of w from −1. We first determine the Fisher matrix for the tangential and radial distances errors. From these, we compute the errors on dark energy parameters. The resulting projected errors to the equation of state are shown in Figure 4 . Table I quantifies the errors, which can be compared to other dark energy surveys.
The mapping of cosmological large scale structure by three dimensional 21 cm intensity mapping is an approach that can be tested with existing telescopes today, which appears to offer very competitive constraints on dark energy parameters. This new tool may soon allow astronomers to economically map huge volumes of the universe.
